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SUMMARY

This thesis deals with optical coupling systems and is divided
in two parts.

The first one is concerned with directional coupling between two
graded index fibres made by a diffusign process. The theory and
physics of ion exchange is studied, providing a theoretical descript-
ion of the refractive index change. A mathematical method of solving
the concentration dependent diffusion equation is given. Theoretical
index distributions are thus obtained for circular waveguides. To
compare thecry with experiment, a device directly measuring the index
profile of a circular fibre is described. ’

The theory of propagation in round graded index fibres .is reviewed
and a simplified coupling coefficient derived in order to determine the
coupling efficiency. The coupling arrangement is described and the
results discussed. It is shown that efficient tapping of power can be
done with the high order modes, and eventually, at a much lower
efficiency with the low order ones.
~ . The second part describes a theoretical study of optical'contram'
directional coupling between a single mode sandwich ribbon fibre and
a thin film planar wavegulde, longitudinal phase matching being
achieved by means of a periodic corrugation, which is typically a
grating etched into the film.

Film~fibre couplers were tested and achieved an estimated
efficiency of only 20% due to the ﬁoor quality of the gratings. With
several improvements in the set-up and specimens, an efficiency of
over 60% is quite feasible. The application of the method for linking
integrated optical devices is considered as well as a possible demulti-
plexer.

The study presented provides the g?ound york for future develop-

ment of integrated optical devices links and an active device.
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PART 1

INTRODUCTION
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I-1 General

Optical fibres have been used for many years to relay images over
short distances. In 1966 Kao [1] suggested their use over long
distances and led the way to many successful attempt to reduce their
optical losses [2].

Now several types of fibres are industrially produced. The
Japanese Selfoc fibres have, for example, losses of less then 8dB/km
[3]. Beales et al have reported losses of 5.7dB/km at 84Onm [L] while
Payne and Gambling achieved even better results by manufacturing their
fibres with a Chemical Vapour Deposition (C.V.D.) process [5] - [9].
Now, with this method, very low-loss fibres are produced {(0.25dB/km)
{10]. Because of the very low losses achieved and because of important
reductions of the pulse broadening obtained by profiling the index
profile, optical fibres are now able to compete with more conventional
techniques for carrying information. When compared with coaxial cables,
for instance, they present several advantages [11]: low size and weight,
they are not subject to electromagnetic interference and hold out the
promise of low manufacturing costs. Several'coﬁplete optical fibre
systems have already been installed and put into opefational use by the
British Post Office [12],

However, the realisation of practical fibre systems, especially the
data bus, has been hampered by the inefficiency of light coupling into
and out of fibres and thin film waveguides. Research on different coup-
1ling schemes of fibres to thin film waveguides, fibres to fibres, thin
film waveguides to thin film waveguides and sources to fibres is
currently being conducted in several laboratories [13] - [19]. All the
coupling methods investigated can be divided in two categories: direct
excitation and evanescent field coupling. The first reguires the field

" patterns of input and output to mateh closely. It demands extreme

accuracy in both alignment and preparation of the waveguides.
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For the second method, coupling takes pléce in the overlapping region
of the evanescent tail and requires the latter to be strong and the
coupled guides to have matched phase velocities.

I-2 Motivation and aim of the work

At the beginning of this research, in October 1978, Stewart [20]
had stated the possibility of using the ion exchange process in the
modification of optical fibres for coupling purposes, but little had
been done in actually looking at the feasibility of the process. On
the other hand it seemed that Selfoc Tibres would be readily available
in the near future and could be suitably modified.

Coupling between a fibre and an integrated circuit being a very
important problem to be solved, the investigation of means to overcome
the difficulties encountered when the fibre and circuit have refractive
indices which are very different were also carried out.

Bearing this in mind, the aims of this work were:

a) i) To manufacture graded index fibres using an ion exchange process
similar to the one used to produce Selfoc fibres, using, as a
- starting point, the work done by Stewart et al. [21],[22].

ii) To modify locally the index profiles of these fibres so that
they could be coupled together and could be then used as "bus-
bars" around, for example, a system of limited extent (ship,
aircraft) directional couplers being formed at intermediate
points along the fibre.

iii) To apply these results to Selfoc fibres as soon as they were
available.
b)' To investigate a way of coupling a fibre of relatigély low
effective index (typically round 1.5) to a waveguide of higher
effective index (Lithium Niobate or Arsenic Trisulphide) with

good efficiency.



I-3 Review of the Thegis

Considering the rather different aspects of the two main parts of
this study, the thesis is divided in two.

I~-3.1 First part

The first chapter deals with the theory of ion exchange in glass
by studying the different factors affecting the process. The theory
leads to a diffusion equaﬁion which is then solved analytically for
round fibres.

The following chapter is devoted to the propagation of light in a

" fibre with particular attention to one having a graded index profile.
A simplified theory of the multimode fibre coupling is then developed.

The third chapter is concerned with the experimental manufacturing
and testing of graded index ion-exchanged round fibres.

In chapter four the transverse coupling of two fibres is considered,
with particular application to Selfoc fibres. The chapber ends with the
results of the foregoing work which are summarised and discussed.

I-3.2 Second part

This part deals Wifh the contradirectional coupling between a
sandwich ribbon (S.R.) fibre and a thin film waveguide by means of a
grating. h

The second chapter is devoted to the propagation of Light in a
slab and a rectangular waveguide while the following one deals with the
coupled mode theory necessary to be able to evaluaﬁe the coupling
coefticient of the device. Some numerical results are given in chapter
three. In chapter four the experimental apparatus is described with the
results gained. Finally in chapter five the results are digéussed.

There is ample scope for applications and suggestions for the continuat-

ion of the work are given in the general conclusion.
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CEAPTER T

The Ion Exchange Process

II-1.1 Theory of ion—exchange

As it is necessary to be'able to predict the shape of the refrac-
tive index profile of a graded index fibre produced by ion-exchange,
the theory of diffusion ard the mathematical techniques for solving
the concentrapion—dependent diffusion equation have to be studied.

The bulk of this chapter is thus devoted to diffusion theory is
cylindrical dielectric rods. However the first thing will be to
decide what raw materials are most suitable for the diffusion process
when the physics of ion-exchange are known.

I1I-1.1 The physics of ion exchange: Theony

Not all the glasses have properties that are suitable for allow-
ing the lon-exchange process to take place. Generally speaking, glass
is made up from different inorganic oxides fused together in given
proportions [23]T A given type can be considered more or less pure
(elements such as Fe,03,Mg0 can be considered as impurities) and cause
“the glass to have very different properties. '

Glasses do not have a long range structure so it is possible for
some of the ilonie constituents to diffuse. Some of them are too
tightly bound to the network (Si, 0), but others can be quite mobile.
They obey a law which can be characterised by a diftusion constant of
the {type:

D =D, exp(~ £ ) (1~1)

where: D is the self-~diffusion constant .
AH is the energy of activation
R is the gas constant

T is the temperature (absolute)



The mobility of the cationéAis variable but, in general, thé
monovalent ones are more mobile and thus more interesting for this
study. In the inter-diffusion process, the monovalent cations in the
glass can diffuse through the relatively immobile structure of the
substrate to be exchanged at the surface with ions in the melt which,
in turn, migrate through the silicate structure.

We shall consider a piece of giass containing a cation A and a
melt, containing a cation B, of sufficient volume so that the depletion
of the ions will not be a sufficient factor and can be ignored. The
inter—diffusion and exchange of the two ions only will be considered.
Generally speaking, in the glass A and B do not have the same mobility,
inducing an elgctrical field which‘will dﬁﬁp the movement of the faster
and speed up'tﬁe slower species. As electrical neutrality must be
preserved, the fluxes of the two ions must remain identical.

Using these two conditions, it is possible to derive an equation

for monovalent ions [20].

DB
Dyp 1 ¢ (1-2)
B

- CAO .
where: DAB is the inter-diffusion coefficient

DA is the self-diffusion coefficient tor A,

DB is the self-diffusion coefficient for B,

CA is the concentration of A in the glass,

C, 1is the concentration of B in the glass,

C,. is the original concentration of A in the glass,
and CAO = CA + CB
l.—.

=]
]

i)
Dy



The flux for A and B might be written accordaing to Stewart [20]:
' ac

- - _A -
P (1-3)
ZicB
. JB=—DABQT (1-4)
leading to:
’@: D '.afB_ =ﬂ__f.5_ (1_5)
ax AB Ax at

which can determine the céncentration profile of B.

To solve equations (1-2) and (1-3), knowledge of the degree of
exchange must be known. This is glven by the expression CBS/CAG where
CBS is the surface concentration of‘B. The exchange can be complete
for some melts containing only the cation B but, for &ilute melts, it

is necessary to evaluate it.

I1-1.1.2 Surface concentration for dilute melts.

It is assumed that the giass has remained in the melt long enough-
for equilibrium to be reached. Consider the glass/melt interface. The
exchange process verifies the equation:

At (glass) + Bt (melt) = A¥ (melt) + E+ (glass) (1-6)
‘which leads to the equilibrium constant

_ PasB®mA
Sasn?MB

K

5 (1-7)

where a is the thermodynamic activity of A" ana BF (subscripts A, B)

at the glass surface (subscript GS) or in the melt (subscript M).

It is found [22] that the ratio CBS/CAO can be computed from the
equation:
M C
m [~ -RE—“T“- (1 - 2)) = yan z~22— - an(K, ) (1-8)
A AQO "BS <

where MA and MB are the mole fractions of A and B, EM is the net
interaction energy of the ions, y is a constant (y > 1) [24].
Thus it appears that the surface concentration is only dependent

on the melt dilution.



The diffusion theory as expressed hére is greatly simplified as
many other factors may influence it. The main ones are the following:

i) The diffusional motion of the cations is assumed to be random.
In some glasses they move in a direction related to their
previous motion [25], and to ftake this into account, the self-
diffusion constants must be maltiplied by a factor F [26].
However it will be assumed here that for the two ions the
factors FA and FB are equivalent (since they are moving in the
same medium) [27], leaving the inter-—diffusion coefficient
roughly unaffected.

ii) Film ditfusion can also occur, especially with dilute mélts
where thé amount of B available at the time ecan be insufficient

to satisfy the demand of the glass [28], [29].

II-1.1.3 Relationship betwéen conceéntration and index change.

For a glass the refractive index is modified when ions of different
polarisability are exchanged, and for many substrates it can be computed

from the Gladstone-Dale equation [30],[31]:

— n .
n=1+ p L row, (1-9)
1=1

where p, the density [32], is given by

I S -
=g (1-10)

T v.w,
. 11
l.'.‘.

and where
L 1s the weight fraction of the ith component oxide,
vy is the specific volume of the ith component oxide, .
Ty is the specific reflectivity of the ith component oxide.
Assuming that (1-9) is valid for ion diffused glass and that only
_minor constituents are exchanged, p 1s almost constant giving:
n

An = p I rs Aw. (1~11)
i=x Pt



For the case of the exchange of two ions only:

AW =*~E\T—B— by (1-12)
B WA A
where Wi is the molecular‘weight of the oxide i. Thus
s
An = p (rB -, ﬁ; AwB (1-13)

Consequently there is a linear relation between the concentration of
the ion of the melt in the glass and the change of refractive index.

For example (1-8) can be written for a dilute melt:

&l - (1 s ey tn| s | oy (1-14)
M RT A) v An - An n AB
A sp s

%
n

where: Ansp is the surface index change with a pure melt,
AnS is the surface index change with a dilute melt.

It is thué possible to predict quite easily what the index change
will be for a given dilute melt. In Fig. 1-1 the ratio An‘s/Ans is
plotted against MB/MA' It shows that to achieve a significant index
change only small gquantities of the ion B are required (MB/MA_i 5.10_2).
In Fig. 1-2 the experimental results are plotted according to equation

(1~1k)., It gives KAB = 131 and y = 1.32.

I1-1.1.k Glass composition

In glasses the oxides are not organised as in a crystalline solid
(as the x-ray diffraction pictures show), but more as a rather viscous
liquid. The molecular aspect of glass is a random arrangement, as in
liquids, with molecules which are not very mobile [33]. W.H. Zachariasen
[34] considered the structure of glass as a random network of SiO

2

altered by the addition of oxides such as Na 0, KQO, 1i, 0, Ca0O, MgO,

2
7Zn0 which modify the network by breaking its continuity. Other oxides
such as A2203, BeO, Ti02, called interme@iates, can either disrupt or
join the network. In this work, it will be assumed that Zachariasen's

.theory concerning the structure of glass is wvalid, for although it

proves to have some imperfections, the main features of the theory are

10
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gufficient to understand the diffusion process.

I7-1.1.5 Conclusion. Choice of materials

The glass chosen should possess cations as mobile as possible and
it has been shown that this condition was fulfilled with monovalent

modifying cations [20]. Thus the glass should have either Na,O or K20

2
. . . . .+ +  _* +
or L12O, the possible exchangeable ions being then Li , Ag , K , T1 ,

Na'. It is also better to have a high value for K

AR so that the glass

is "fond" of the ion in the melt.

It has also been shown experimentally [35] that the mobility of
sodium ions in many silica glasses decreases when the concentration of
Ca0 is increased, as though the oxi@e was inhibating the diffusion.
Consequently the best choice seemsito be @ﬁ alumino-silicate glass

concentration has a direct effect on K,_) with exchange between

(A£203 AB

the ions:
K+, Na+ or
Ag+, Na+ or
7et, mat
Since the sodium ions are to be exchanged, the proportion of NaQ-
in the glass is related to the maximum index change possible.
The work in this study was done with soda lime glass because of

its availability and the ease in which it can be pulled into fibres.

The ideal glass composition would be [20]:

Silica 5%
Sodium oxide 14%
Aluminium oxide 11%
Calcium oxide 0% *

But the one used had the following composition [36]
Silica 1%

Sodium oxide 15%



Aluminium oxide 2.2%
Calcium oxide 5.7%
The Silver ions of a very dilute melt {(0.3%) containing Ag NO3

were chosen for the exchange.

Tor these, the constants in eguations {(1-2) - (1-8), (1-14) are

=

tue following [22]3, [25].

Ey, = 3.5x 103 7 mo1e ™t
KAB = 120
y = 1.08 _
DNa = 5,75 x 10—7 exp - §¢§§§%195'm2s—l
DAg = 1,59 lO—T exp -~ QLLE%—;QE mzsml

The melting point of Nal\TO3 is 310%C.

II-1.2 Solution of the diffusion egquation

The bulk of this part is devoted to the solution of the diffusion
equation for the concentration profile which, as has been shown, is
directly related to the refractive index profile.

Cylindrical geometry only 1s considered.

“II-1.2.1. The equations

The exchange of monovalent ions can be described by the eguations

(1-2) - (1-5). Considering the new parameter C:
C

¢ =2 (1-15)
A
0
we have C = 1 at the surface and DAB can be written:
D
- B
Dap = 7= o0 (1-16)
Por dilute melts, at the surface, CBS < CAO but the condition C = 1 may
still be used if o is replaced by ol given by:
C )
1 S
ol = q EE— (1-17)
AO



which yields for dilute melts:

DB
Ppp = T oTC (1-18)
The general form for (1-3) and {(1-k) may be written:
J,=-D,_ grad C (1-19)
A~ Pap 8°8¢ Yy 9
—_ > -
Jp= D, erad Cp (1-20)
Combining equation (1-19)(1-20) with the continuity
equation yields the diffusion equation in vector notation:
- s ) 2 i}
div (DAB grad C) =55 {(1-21)
which can be written in cylindrical coordinates {fig. 1-3a):
1A aAc 1 a Aac .| Qc) _Ac
= = = ¢ =, = oA == -
r 2r (r DABﬁr) r?-,aq)(DAB:aqs) }'az(DAB/az) A (1-e2)
In the case considered we have: ‘
ac _RAc _
£t -2k = o 1-2
Hence, the diffusion equation can be written:
13 Ac) _ac o
r ﬁr(rDAB,'dr)_ﬁt (1-24)

IT-1.2.2. Solution using the finite difference method

The finite difference method is the most suitable Tor cylindrical
geometry as it is described on Fig. (1-3). In order to have & general
solution, the non-dimensional variables:

ot

T = %32_ (1-25)
R = % (1-26)
g = %’1_——% (1-27)

are used, t being the time of diffusion and b the ocutside diameter of
the fibre. In terms of these new variables, the diffusion“equation

(1-24) can be written:

2s eBs(% 2 [R§—§)= 0 (1-28)



FIG:1-3a The Cilindrical Coordinate

FIG:1-3b  Coordinate  System
For The Fibre.




with B =~2n (1 - a)
In order to solve this eguation, it is possible to approximate

the partial derivatives by the corresponding Taylor series. Hence,

ds _ s(R,T + 6T) - s(R,T)

i T + e (R,T) (1~29)
As _ s(R + SR,T) - s(R - 8R,T) B
= SR + ez(R,T) (1-30)

2%s _ s(R + 8R,T) - 2s(R,T) + s(R - 6R,T)

vl (oR)? + e3(R,T) (1-31)
Since:
1A (pas) 2% 1 2 -
RM(Rm)"W+RM (1-32)
then:
1 i[RZEI ~ s{R + 6R,T) - 2s(R,T) + s(R =~ §R,T),
R ARL " 2R. (6R)? v

s(R -+ 8R,T) - s(R - 8R,T) +

L
R 26R

€, (R,T) (1-33)

which can be written:

1 2. as] 2 (23 « (1)} R X{S(R ¢ (=1)F s1,m) - s(B,T) )
R :aﬂ[R:aR] "1y 2R ) (6R)Z + € (R,T)
(1-34)

Substituting (1-34) and (1-29) in (1-28) leads to the finite difference

formula (if we neglect e; (R,T)),valid as long as R ¢ O:

2 . .
s(R,T + 6T) = s(r,T) + ePS(BTLOL o 1 ( 4yl &8 (S(R + (~1)*6R,T)

- S(R,T)) (1-35)
This equation is always true for a hollow cylinder as R 1s never
zero. However, in the case of a so0lid one another equation must be
found for the case R = 0 in order to be able to solve the diffusion
equation.
Consider the case A
R << 6R
SR << 1

It is possible to consider Qs = O for R = 0 (If it were not, the circular
AR :
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symmetry would imply a gradient discontinuity which is not physicall&

possible). Thus s can be approximated by:
A

HRJ)::%OJ}+[s@Rﬂﬂ-—ﬂOﬂ%4§Q+e%ﬁhm (1-36)

which yields:

A%s  las _ b / — aln -
AR TR AR - W(S“SR’T) S(’}"TO R

and for R = 0O

s(0,T + 8T) # s(0,T) +(%§%Q eBS(O’T}QS(SR,T)—S(O,T)) (1-38)

For the boundary conditions it is possible to specify:

en {1 - o CeiT))

S(l,T) = o0 (l _ ’CL)\ (1—39)
s(Z, 1) =5 (£ + 6R, T) (1-40)
for a hollow cylinder: )
_4n (1 - o CiiR))
s(R,0) = o (L = a) (1-41)

A Fortran IV programme, developed by Siewart, was used to carry
out the computations. Fig. 1-4 shows the result for a plain fibre
and for two values of a. It shows also the parabolic shape compared
-with each concentration profile. It is clearly visible that in some
cases (a = 0.92, T = 0.12 for example) the #wo profiles are quite
similar, and so a parabolic shape may be ob#ained by suitable choice

of the diffusion time.
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CHAPTER IT

Theory of Propagation in a Circular

Dielectric Waveguide and Simplified

Theory of the Multimode Coupler.

II-2.1 Introduction

Glass optical fibres are probably the simplest form of optieal
waveguides and the circular type is'certainly the most common [39]
among a large variety. Various types are depicted on fig. 2.1.
Generally speaking a fibre consists of two main parts (fig. 2.2):

a) The core whose refractive index n, is slightly higher than that
of the surrounding medium.
b) The cladding of index n, which surro?hds the core.
!

In optical communications single-mode fibres are the best with
regard to transmission bandwidth, but the small dimensions of the core
make the handling of such ribres (when splicing for example) quite
delicate. Moreover, input coupling efficiency is poor when a multi-
mode source is being used. Hence multimode fibres are of greater
interest.

For the step-index fibre, the mode delay difference can consider-—
ably reduce the bandwidth. The possible solution lies in graded index
fibres, as the mode delay differences can be minimised by shaping the
profile. For example a nearly parabolic refractive index profile gives
very satisfactory results [38].

For these reasons it was decided to produce and work with multi-
mode graded index fibres. The aim of this chapter is to provide the
basic theory of propagation in circular graded index fibresin ‘order

to be able to evaluate their coupling efficiency.

II-22 Theory of propagation.

Maxwell's equations have a solution for propagation in circular
d

fibres with infinite cladding whether they are of the step~index or

20
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graded-index type [40]. However the solutions are rather cumbersome
and it is very often necessary to use one of the various approximate
techniques developed. The basic ideas and results of some of them are
briefly reviewed in the following sections.

11-225 Weakly guiding fibres.

A technique develoved by Gloge [41] gives the approximate solution
for all the modes of a weakly guiding fibre, that is, a fibre where

the index difference A between the core and the cladding is small

n, - n

A == _i?rMJQ (2-1)
L
A << 1 (2-2)

The propagation constant B for any guided mode must satisfy:

n, k>B>n k (2-3)

where K is the wave number:
2m
k=5 (2-4)
with A being the wavelength of the light in free space. (ln the first

part of this work A = .6328 pym). Definirg the parameters:

: 2 2 2 1
u=akn - )° (2-5)

ol

)

where a is the core radius, allows us 40 express the mode field

2 2
alB -k n (2-6)

2

W
)
expression by aBessel function J in the core and a modified Hankel
function K in the cladding.

With a third parameter, the normalised frequency v:

2 2 1 2 2.1
v==(u +v)*=akin - no)2 (2-7)

and after matching the field at the core/cladding interface taking
into account the weak guidance, propagating modes can be constructed.

They are polarised linearly, are essentially transverse electro-

magnetic and are known as ILP modes.
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For a gtep index fibre the field is [L1]

J  ({ur/a) ) _
in the core: Ey = E & 05 0 @ eJmJG Bz) (2-8)
[ I, (u)
K (wr/a) }
. o _ 2 J(wt = Bz) _
in the cladding: Ey =E, X Wy~ cos 29 e (2-9)

using cylindrical coordinates (r, ¢, z) (fig. 2-3a) and with Ez equal
to the electric field at the interface.
2e [o,N1 N
h
w is the radian frequency

he lorgitudinal components are given by [4l]:in the core:

—E, Iy (ur/a) y g lur/a) ) i (wt-Bz)
Ez = 2ka ﬁi Jzﬁu) sin (£+1)e + Hi Jz(u) Sl? (2-1)¢)e
: (2-10)
-JE J . (ur/a) - J . (ur/a) cro
HZ = o Ra(u ?;Ll(u) cos (1+1)o-= ——'Q:jj-;-(-a—)—— cos (2—1)@) eJ(Mt Bz)
o) ‘ (2-11)

in the cladding:

-JjB K, .(wr/a) K _(wr/a) ) .
SN N B A G & . . _w L T e 1Y) Wi (et—B2)
B, = Zka <n0 KR(W) sin (&+1)¢ a Kﬁ(w) - sin (R-1)3) e
(2-12)
j ' K, . (vr/a) .
H = JEQ w K£+l(wr/a) cos (R+1)¢ + w —&4le~———— cos (ﬁ—l)Q)eJ(mt Bz)
27 a K_{w) K, (w)
© . (2-13)

Z0 being the plane wave impedance: ZO =v %

When A << 1 these can be neglected when compared to the transverse
components so they will not be taken into consideration.

Matching the fields yields the characteristic equation for LP

modes (L1).

Jl"l)(u)

Jz(u)

Kpeg ()

—7E;T§7" (2-1k)

u = -Ww

At this stage, dealing with multimode fibres, it is necessary to
find simpler expressions. Tn order to seek further simplifications
several methods can be investigated:

i)  The replacement of the Bessel and modified Hankel functions by

.approximations [42]. o
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ii) The ray optics approach [43].
iii) The Wentiel Kramers Brillouin Jeffreys (WKBJ) technique of solving
the wave equation.
The first method will be developed in the part of chapter  deal-
ing with the coupling. .
Thé two last methods can be extended easily to graded index fibres
and are valid for all the modes but the lowest order ones. The
principles of the methods (ii) and (iii) are discussed below.

11-222 Ray analysis.

Assuming that fibres are ideal, the refractive, index n depends
only on r and thus the ray equation [40]:

-3

d ar _ -
s %as - " (2-15)
can be written, in cylindrical coordinates: .
-
a e i@)z_in;
dn "1 ds 1 “las ar
(2-16)
ar go 4 aoy
D) Gsdas tas (Mt dﬁ}“ 0
) 4 dz i}
ds ™1 @s =0 e

where s is the geometrical path along the ray.

The incident ray can be deseribed by its angle of incidence Oo,
the plane of incidence having the orientationm ¢ = @0 and it impinges
on the fibre at z = 0, r = r,®=0 (rig. 2-36).

In the fibre the ray propagates with an initial angle On given by
Snell's Law:

n; (ro) sin On = n sin GO “{a2-17)

thus the wave number can be written

kr =n (ro) k sin Gn cos @O
k¢ = ny (ro) k sin Pn Slﬂ_Qo (2-18)
kz = n; (ro) K cos"@n
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After some mathematical manipulations the general equations for the

wave number are obtained:

o=

2
T
= 212 — 2 2 26 - p2 2 a1n2 f 2 9
kr [n%k ni(ro)k cose nl(ro)k sin®0_ sin®e ;@ﬂ
_r . . _
kQ = 7§_ nl(ro) k sin On sin @ (2-19)
k, = nl(ro) k cos On

The separation condition is verified:
2 4 k2 4 %2 = 1x2p2 =
k2 + kg + k2 = knf (2-20)
It is possible to plot the projection of a ray path onto the fibre

cross section, taking the case of @O <L for example (fig. 2.4). As

2
dr . .. dr _
EE-< 0, the ray goes towards the centre of the fibre until 1z - o

Then the ray goes towards the periphery until the next turning point

g

and soO on.
The turning points can be found be evaluating %ﬁ'and finding its

zeros [L4O].
2

ar _ 4 2 12 2 o _ -
i = () k ki ~kilr ) oz =o (2-21)

H

"!NI H
oM™

By plotting nf k? - k% (square of the index profile) against k%(ro)
~wegd;ﬂw'MWMngrwﬁuSVMMasCﬁg.QJQ; '
It is obvious that the presence of turning points depends strongly
upon the initial launching conditions, and for a given 3, both r, and
On must be small enough to allow the occurence of a turning point, the
ray being then trapped in the fibre. This ray will form s mode only
it>is creates a standing wave in both transverse directions.
To fit around any circumference with an integer number 2 of
periods 2w, k¢ must satisfy:
ky = -ff Y (2-22)
which gives the initial values for the incident ray:
n(ro) L sin 0, sin o, = 2 (2-23)

Introducing the value of kQ (2-22) in the value of kr given by

(2-19) and letting kZ = B be the axial phase constant of the considered
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Fig.2.4. Cross-sectional Projection of
a Ray in a Graded-index Fibre.

(With Graphical Presentatiom of the Square of

its Radial Wave Vector Companent.)
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mode yields:

k, = (n2(r) - % - 22/r2)* (2-2L)

The phase condition for a standing wave pattern in the radial direction
with an integer number p of modes leads to the characteristic equation

for modes of transverse order p and £:

T ra 2’2 %
pT + 5 = (nf(r)kz - B2 - “7)far (2-25)
r
For large radial orders the phase shift at the caustic points Tis oo

%, can be-neglected.

II-223 The WKBJ method. In cylindrical coordinates the wave equation

“
becomes separable if n is a function of r omly. The differential

equation for the radial field dependence E(r) can be then written [43]:

s

A%8 1 AE 2,2 2 2 =
A2 + - A + [k nl(r) 8 ;g—] E=o0 (2.26)
Setting:

B = EO exp [jkS(r)] (2-27)
with.%§?= o and replacing E by its approximation in 2-26 yields, with
gl = 45,

dr

1 2
™+ (GxsT)® w gr e (k2 - g2 - 2o ) =0 (2-08)

Assuming that n,(r) varies slowly within a distance similar to the

1

wavelength and expanding S(r) in powers of x (which thus converges

rapidly):

- L -
sS(r) = 5, * e B + wane (2-29)

After substitution of eq. (2.29) in eq. (2.28) and considering only

the two first terms of the series we have for the two first terms of

the expansion (2-29):

- 12 . 20 _ %2 M o
(k so) +k%n -~y = 0 (2-30)
and 11 1 &1 . 1 _
k 87 -~ 8.k S 87 + jk S /r =0 (2-31)
which give after integration:
= + R - —_— —
8, i// (ny(r) -5 =575 ) ar + Cste (2-32)
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. 2.2 2
8, = ﬁ L (rzniz(r) - Bkrz - '1%‘2“ ) + Cste (2-33)

In order to obtain a complete solution, it is necessary to consider
3 regions in the guide. The tube where the actual propagatién takes
place (SO is real) and inside and outside the latter where 8 is
inaginary. The sign of (2-32) is chosen so that the field decays
exponentially when r increases (r>a).

We then obtain:

T
T, <r<a - 2m\3 -3 1,..1 _
1 Er = Fl x‘) k,° cos [ kr(r Yar—] (2-34)
1
T w
T\ 3 2,33 2y3 .1
r>a = F2(§;0 [(- kr) 1° exp [~ (—kf) ar—J1(2-35)
a

The constants Fl and F2 are chosen so that the solution fits with

Debye approximations of the Bessel and modified Hankel funciions.

For a multimode fibre we can assume that F2 = 0, ignoring the evanescent

field. In this case propagation occurs when:
a

kr(r)dr

(p - (2-36)
ry ‘
and for high order modes the term %'can be cmitted.

The same characteristic equation is thus obtained as in II1-2.2.2,

I1-23 The multimode fibre coupler Considering the advantages of multi-

mode fibre link, a tap coupler is a very useful component. However the
study of the coupling of thousands of modes is not an easy problem to
golve, For this reason, here again, simplifying hypotheses are necessary.
Some authors [Lh],[45] considered the coupling between given mode
pairs. Snyder [46] looked at the total power transition but Ogawa [L7]
give an even simpler solution for step index fibres whose cores are
almost touching. Ogawa's theory applies quite well to the present problem
since in the modified region the index profile is Fflattened - looking

b}

thus like a step index fibre - and the cladding is stripped so that the
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- . T a[v{Kz_l(w)

X

cores are almost touching. We are thus going to consider Ogaws's
approach to the problem.

II-2.3.1. The coupling coefficient

The expressions used here as a starting point are the ones derived

by Snyder [Llh]. Considering the case depicted in fig. 2.5 of two almost

-~

identical fibres the coupling eguations are:

A(z) . .
—_L = - -
3, 8, Alz) J B(z) Cpp (2-37)
and d B(z) + J B B(z) =-"3 A(z) C (2-38)
dz B BA
where A, B are the amplitudes of the modes. -
The coupling coefficient is defined by:
=% ‘ 2~ n2) F -~
Cog = 5 eo(nl no) E,E,d8 (2-39)

core B

where EA’ EB are the normalised electric fields of fibres A, B and

€ is the vacuum value of the permittivily.

Ey is known (2-9) with E_ given by (L7):

2
u Ko{w)

for % # 0 Y(2-k0)

=

f
~~

o =
i
no
POt

Ky (W11

for 2 =0

vhere i is the magnetic permeability.

These field expressions satisfy the eigenvalue equation (2-1k

).

The coupling coefficient between the mode p of fibre A and mode

g of fibre B may be deduced, knowing the parameters of the two modes:

%5 Wi Gy Tys O and 5, Wy Ay Ty 2, RN
‘.“
kn_a_ 2A u_u

172 o1
CapBa ©= "a. vov. ("2 +1(W2)Ig aln -2 Z2) Wi e K (We) 1, +1(w1 2
1 1’2 ) a 2
1 1 &
(-1) 1 b (w g_) cos (& -%,)o = (-1)X (W g-)cos (29 +25)
Btz 18 1-2/% = 40y 1 8 17%2
2 a_\2 \ : 3 (2-41)
G4 (v 22)° (K (w.) K (w.) K.  (w,) K (w. )
uz 1 ‘a"l“ 11 1 fot 2 R0

3

)



F1g.2.5 Geometry of the Coupling Set-up

. b
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Equation 2.41 leads to the general coupling equation involving all the

modes carried by the two fibres.

N
d Ap(z) . s
an+ By Ap(z) = -] § By(2) Cy g (2-42)
- P =1 P Q
Sﬂ
d Bg(z) . = o1
e + By Bq(Z) I &= AP(Z) s 4
a QPp
with the coupling coefficient defined by 2-41 and where BA and BB are
b q

the z-direction propagation constants of the pth and qﬁh modes in the

fibres A and B respectively. 21 and 22 are the aximuthal order numbers

of the modes in fibres A and B. Al and A. are the normalised index
o

2

differences of fibres A and B. .

The coupling coefficient can be written, with ;

Yy T Yo T 0  when Ly = hy = 0
YL T Yo T 1 when xl > 0 22 > 0 v
o el S
ApBq 2 8 vy 172
IK Ql—xg(wl d/al) cos (lezg)a + K 21+22(Wld/al) cos (Zl+£2)a[
| o2 ww? (52)2 |
a3
(w.) K (w) I (wa./a ) +w, a fa K (w )I (w, a, /a_)
X 2 22+l 2 22 1271 1 271 22 1 22+l 121
[K (w;) K (w,) K (w,) X (w,)13
£ 1 2 1 '3 2 L 2
-1 1+ - ¥
1 1 2-1 241 (2-43)

I1-2.3.2 Simplified coupling coefficient

The expression for the coupling coefficient may be further simpli-
fied by asswmming that:

a) the two fibres are absolutely similar

b) only modes with the same propagation conétants are toupled.

c) The distance between two fibres is very close to 2a.

The average coupling coefficient can be written, using the

ésymptotic expansion of the modified Bessel functioné and assuming
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that y = 1 for all the modes (LT):
- VAR wC Yow ~w(d/a~2) (2-U4)

’ CA:.LBi‘I a ;5‘ /;a/a e
d/a = 2,
This expression can still be simplified a little more by replacing u,
v, W by simpler expressions. We assume that in the modified portion
the fibre has a step index, thus according to Hunger [L4O]

vZ = on (2-15)
where N is the total number of modes. As before the moaified region

fibre is of graded index form, and assuming that N does not change

significantly in this area, we have [LO]: ©
22 2 2 ‘
y = ka8 (ng -mn) (2-46)
L
The cut—off value for the ith mode is approximately:
1
= Y- _
u, = (2i) (2-47)
It is assumed that u can be replaced by v
u # W, ‘ (2-48)

which yields the simplified coupling coefficient:

1 » PRy
1Ty 51" i o e 21)2($0(1 -4t (2-u9)
- A;B; ok va/a N N
Equation (2-49) simplifies even more if d = 2a:
1 : » 1
I _ 1ya -
LIS CONEIRE (2=50)

lCA.B.l= vy ka3
11 1
Fig. 2.6 shows a few curves where the coupling coefficient {in cm_l)
is plotted against the mode order i/N. The graph quite clearly shows
the dramatic diminution of the coupling coefficient as the distance

between the fibres increases.

IT-233 Coupling efficiency. The power transfer from the fibre A(pth
. t - i
mode) to the fibre B (q h mode), when Ap(z=0) = 1 and Bq(z=0) =0, is

given by [L4T1]:

- lAp(2) 12

)12

1 - K,p sin® Byp (2-51)

. 2 .
|Bq(z Kp, 5in? Bypz

ot
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where

(8, -6,)° |7
Kp = (1 oo , (2-52)
ApBg "BahAp
C
Ky, = 129928 g, (2-53)
ApBq
C C
ApBq | | “BqA
Bap = | “ApBq||“BqApl (2-54)
K
“AB

and z is the coupling length.

The coupled power between the ith mode of fibre A to the ith of

fibre B is then:

i Lo _
PAB = sin” (| CAiBi% z) w {2-55)

The total coupled power, if all the modes carry the same power in the-

fibre A, is N

Z sin ([Cpprl 2)  (2-56)

i=]
There is an upper boundary since the coupling coefficient for some

Pap
n=g— <
init.

=~

modes is almost zero.
With the high number of modes it is possible to assume that i is a

-econtinuous variable and thus we can write: '
N

1 L 2 , -
n =y sin (chiBilzg ai  (2-57)
0

Theoretical curves are plotted for three valuwes of d/a in Fig. 2-T.

II-2.4 Conclusion. Theoretical curves were used to estimate the

necessary fibre coupling length in order to design the coupling device.
It is clearly visible from the graphs that the two fibres need to be
very close to each other but, due to the irregularities in the fibre
cross sections, and because the cores cannot be in physical: contact,
the average distance between the two axes was estimaited to be 61 um
instead of the ideal of 60 ym. The curves show also that if this
sepﬁration is fairly large (65 um) the coupling efficiency falls

dramatically.
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As the aim of the coupler is only to tap a small amount of the
power, the coupling 1enéth chosen was taken Just after the first minimum
of the curve (as the modifying process induces two tapered regions)
giving L = 2.2 em, for the case where the two waveguides are separated
by a gap of 1 ﬁm. -

It must be emphasised that this theory is very simplified and
implies some rather drastic approximations. However it explains the
coupling phenomenon very clearly and gives very useful information for
the dimensioning of the coupler.

It must be also stressed that, due to the simplifications, the
theory overestimates the efficiency somewhat [47].

Finally it must be noted that, according to fig. 2.6, the exchange
of power takes place essentially with the modes who order is around 0.8.
This means that the very low order modes will not be coupled and the :
very high order ones neither.

This can prove to be a very big disadvantage since the only part
of the signal which will be tapped efficiently will be the one contained
in the modes who orders are ranging from .7 to 1 in the case where there

is a gap of 1 pm.
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CHAPTER IIT

Fabrication and Measurements of Graded

Index Fibres.

I1-3.1 Fabrication process of the fibres

At the beginning of this work Selfoc fibres were not available so
it was necessary to menufacture graded index fibres. For this purpose
several methods were investigated, éhosen among the various types of
process which had already been tried ([5] - £9]1, [52] - [54]), and the
two methods tried which proved to be successful are discussed below.

II-3.1.1 Production of the raw fibre

a) the preform: The raw material consisted in rods of.socda-lime glass
whose diameters ranged from bmm to 8Bmm,
Though the composition of the glass was not accurately known an

estimation of it is given in 1I-1.1.5 for one type, for ancther it is

as follows:

8102 67%
Na.,0 15.6%
- Ca0l 6% .
Bal 2.0%
MgO k.0%
A0, 2.8%
B203 1.5%

The physical properties of the latter type are as follows:

Strain point u72%

. Anneal point 512°¢C
R

Softening point: 696°¢C

.Refractive index at 633nm: 1.512

It can be seen that these compositions are not exactly ideal (II-1.1.5)

especially with regard to the proportions of AQQOS and Ca0.
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b) Fibre pulling: As the preforms are cylindrical it is very easy to

pull from them cylindrical uncladded fibres. Fig. 3~la shows a
schematic diagram of the pulling machine used and fig. 3-2 shows the
actual rig. The preform is thoroughly cleaned [37] with detergent

and water in an ultra sonic cleaner, then rinsed with water, the
remsining detergent being washed away with acetone before drying under
a jet of pressurised nitrogen. The substrate is then clamped to the
holder shown on fig. 3-16 which i; held in a furnace whose temperature
is accurately controlled at 800°C. Under the combined action of heat
and weight, the preform increases its length slowly. When long enough
the lower part of it is fixed to the take-up drum and the pulling
begins. In order to have a fibre of cons%ant cross section, a feed
mechanism allows the preform to sink slowly into the furnace so that )
the quantity of heated glass remains as constant as possible. At the“
other end, the pulled fibre is wound on the take-up drum which provides
the drawing force and stores the fibre neatly.

The temperature of the furnace being accurately controlled, the
diameter of the substrate - checked with the travelling microscope -
is governed by the ratio between the rate of introduction of the preform
in the furnace and the rate of rotation of the take-up drum for a given
diameter of the preform. With this device, long fibres (300m and over)
were pulled with diameters varying between 25 pm and 600 un.

¢) Checking the fibres. Once pulled the fibres were checked and measured

accurately. For this purpose a microscope, fitted with a calibrated
graticule was used. It allowed a check on the regularity of the diameter,
for possible faults and made the accurate measuring of thevaiameter easy.
It was then feasible to select suitable lengths of substrate for manu-

facturing graded index fibres. Fig. 3-3 shows a typical fibre viewed

through the microscope (magnification X20). The fibre diameter is 80 um.
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T1-3.1.2. Production of graded index fibres by the two melt method.

A two melt system was used. The first one was a dilute melt
consisting of 0.3g silver nitrate and 88g sodium nitrate. The fibre
was immersed in it for several hours (the diffusion time depends on
the fibre diameter) which is long enough for the silver ions to satu-
rate the silica network. The second bath was a melt of pure sodium
nitrate and the treated fibre is difped in it until the ionic concen-—
tration in the periphery returns fo its former wvalue.

a) The furpace design. ‘The furnace was made up with a quartz tube

(low expansion coefficient) around which a resistance wire was wound,
in such a way that the temperature profile along the furnace was as
flat as possible. The furnace was contro;ied around a set polnt with
a precision of % 1.5°C. This was not too good {[U9], [501) but did
not significantly affect the repeatapility since the diffusion times
were quite long and the average temperature had, in the long term, a
precision of less than 0.1%.

The contalners, or boats, for the melt were as depicted in fig.
3.h—c, Quartz would have been an ideal material to make the boats
from because it is unaffected by either of the melts but, during
cooling, the melts induced stresses which tended to break the quartz.
It was thus decided to make the boats in stainless steel. It was not
very good since reactions took place at the stainless steel/melt inter-
face and a more suitable material will have to be found. The containers
were fitted with a hollow tube in the bottom to take the thermocouples
and the ends of the boats were shaped to support the rods which held
the fibres (tig. 3-hec). These rods were fitted with clampéiror this
purpose, but, as the clamping action tended to smash the fibres, they
wvere abandoned and the fibres Jjust placed in the melt. Two boats were
made - one for each type ol melt - so that thgre was not cross-—

contaminaticon of the melts.
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b) The melts Two melts are used and the.metnod was derived from the
one described by Giallorenzi et al. [51]. Following Stewart [20],
dilute melts were used for the following reasons:

i) if a fibre is dipped in a pure silver nitrate melt, it is
liable to split (through‘a diameter) due to the stresses
induced during the diffusion,

ii) the index change is smaller,
iii) the repeatability is improved,
iv) there is less tendency for reduction of silver ions since
.Ag+ concentration is lower, o
v) the cost of the melt is reduced.

The only disadvantage is the elevation of the processing temperature

(silver nitrate melts at EOTOC and the very dilute melt at 30800},
since high temperatures makes the reduction of silver more probhable.
Different degrees of dilution were tried, going from a mole ratio of

3 to a mole ratio of 2.2h x th3.

1.76 x 10~
To achieve melting of the mixture throughout the length of the bath,
‘s temperature of over 35000 was necessary at the centre of the furnace.
At first, the set point was éQOOC as it was the highest possible (over
39500 decomposition occurs in the melt) giving the shortest diffusion
time possible.
It worked very well for the first batch of fibres but, with a
second bateh, even at BTOQC, reactions took place (reduction of silver),
and the fibres were deeply stained. The reasons for this change lay
in the contamination of the boats due to the reaction between the silver
nitrate and the walls of the container. )
c) Results. Several graded index fibres were made with this process and

proved to be satisfactory. The diameter of these varied between 23.5 um

and 45 pm. Required diffusion times were estimated with the help of a

i6



computer program (II-1:2.2).

After exchange, the graded index fibres were again checked with
the microscope in order to find out any irregularities that had developed.
It was found that inhomogeneities were fregquent when clamps were used to
hold the fibres in the bath and that these points were always very weak,
d) Conclusion. Even if fibres were obtained satisfactorily with this
precess, it had several disadvantages as follows:

i) The furnace temperature profile along its length is not flat

enough (due to heat losses at each end).

ii) Due to the dimensions of the boats, it was npt possible to make

long lengths of fibre. ’
Considering these two facts, several other methods were investigated

and one was found interesting though delicate.

I1-3.1.3. The repulling method.

The method used to manufacture the Selfoe fibres was employed [52].
Pirst a rather large fibre (more than 250 um) was cbmpletely dgiffused
with silver ions from a dilute melt so that the refractive index was
uniformly raised throughout. It was then placed in a soda-lime capillary
tube (boré 500 um) and both of them were pulled together. During the
pulling, because of the high temperature invelved, the silver ions tended
to migrate in the capillary tube, depleting ‘the periphery of the core
(fig. 3-5). In this way a graded concentration profile - and thus a
graded index profile - was c¢reated in the core of the fibre.

When the staining of the core could be awolded, this method was
successful and had the following advantages owver the previous method:

i) very long fibres could be made, A

ii) the manufacturing time of a fibre is shorter,
iii) The core could be very small allowing the fabrication of fibres

carrying only a few modes,
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iv) The fibres were stronger.

Though this method has not been thoroughly developed it gave fairly
good results (fig7 3-10, 3-11}. However the dimensions of the cladding
makes the local modification of the index very time-consuming and the
flatﬁened index profile woﬁld have a very low value due to the large
silver ion depletion.

So, in spite of the advantages presented by this method, it was not
frequently used. By the time the method had been developed, Selfoc
fibres had become available and were used imstead.

I1IT-3.1.4, Selfoc Ffibres

[

g

a) Fabrication process. The Selfoc fibres are made using an ion-exchange

process to produce a parabolic — shaped graded index. The first fibres
were mede by placing a rod containing T£+ in a bath of KNO3 at SOOOC
before pulling them inte a fibre. VAnothef method was then developed
[52] in which the process was continuous and the ion exchange occurred
during the pulling process itself. Selfoc fibres are now made [3],
using sodium borosilicate flass, the core being doped with TJ?,O2 melted
in a double crucible (fig. 3-6) so that both the core and the cladding
flow together while the sodium and thallium ions are exchanged at the

interface, thus achieving a graded index profile.

b) Properties of the fibres. The fibres made with such a process have

losses as low as 5 dB/Km at 0,830 ym with a parabolic index distribution
which minimises pulse dispersion.

For this study Selfoc fibres of type GI 60 were used. They have the
following characteristics [55], fig. (3~7):
core diameter: 28 = 60 + 3 um *
core index: n, = 1.5k
clédding diameter (external): 2b = 150 * 3 um

lossy jacket external diameter:2c= 0.9 + 0.05mm

49



N

B,
aidee
BSG cwith TV ions
) 5% with
"' W p‘/ Na¥ ions
;
g Va0l m /yoin
- ,‘: )

, Fig.36 The Double Crucible Method




Lossy Jacket
r=.45% 025mm.

Cladding
¢ F=7515 pm

)

NA=.16 N1=154? No =1511
An=.02 N=2033 modes

Fig.3.7 Selfoc Fibre GI60

51



normalised index difference: A= 0.02

0.16

numerical aperture: NA
Fig. 3-8 depicts the baseband frequency response and spectral losses
of the fibres as given in-ref. [55].

I1-3.2 Study of the index profile.

The aim of this work being to produce graded index fibres and to
locally modify thelr index, it was necessary to know the index variation
in the radial and axial directions. For this purpose several methods of
measurements were investigated.

11-3,2.1. Indirect methods of measurements.

ty
The refractive index profile of a given fibre may. be determined

indirectly by studying the mode propagation characteristics.

a) "Potting" fibres. The fibres made were very fragile so it was

necessary to find a way to hold them during the measurements. For this
they were potted in epoxy resin (fig. 3-9). This "substrate" was black-
ened with carbon powder. It was then easy to hold the fibre and to
launch light in it., The end faces were lightly polished and equipped
_with a cover slide and a drop of index matching fluid. .
In the resin, the fibre was either parallel to the axis of the
cylinder (fig. 3-9a) or tilted so that one end touches the wall of the
cylinder (fig. 3—9%). It was then possible to pclish the fibre into
a taper allowing coupling to a thin film or anything else.
Though handy this method was abandoned because:
i) It can be very cumbersome to launch light in such a medium.
ii) Only very small lengths (5 em) could be made.
iii) It was impossible to reuse, modify or retest the pofted fibre
by some other method.

b) End fire launching Dakin et al [56] suggest a method for launching

light in glass fipres. Following this idea, two cells (fig. 3-12a) were

made, one ror each end of the fibre, and were fitted with an index
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figure 3.10: PULLED CAPILLARY TUBE: NEARFIELD

PATTERN. (X600)



matching liquid (methyl salicylate, n = 1.538). The apparatus is shown
in fig. 3-12. Light from a helium - neon laser (5 mW, A = 632.8 nm) was
focussed on the end of the fibre with a microscope objective (Xx20). At
the other end of the fibre, a travelling microscope enabled the near-
field pattern to be observed (fig. 3-10), while the far-field pattern
could be viewed using a ground glass screen (fig. 3-11). A photo-diode,
with a chopper, was used £0 measure rield intensities. The launching
cell was mounted on a goniometer,.allowing high and low order modes to
be launched (fig. 3-12).

High order modes tend to travel near the periphery of the waveguide
(fig. 2.2b) and, as the study of low order modes is more useful, a mode
stripper was fitted along the fibre (fig.;é—leb). It consisted of a
cell filled with an index matching liguid of high refractive index (e7g.
quinoline or a-monobromo naphialene) which “caught" the high order modes
and left the low order ones, near the centre of the fibre, unaffected.

For efficient end-Tire launching the faces of the fibres must be
carefully cut. The cutting was done by inducing a stress in the Tibre
by stretching over a cylinder {normal to its axis) and then to scratch
the top of it with a& diamond. This method is both simple and effective.

End fire launching was used for several fibres but it did not prove
to be very elficient for selecting a few of the very numberous modes.

The apparatus depicted in fig 3-12 was used to measure the numerical
aperture of the waveguides. The results obtained (fig. 3-13) are in

good agreement with the theory which gives the expression [LO]:

o=

2)

~ (2
My = (ny = g

The sliape of {the curves obtained is related to the index profile

(3-1)

as it is cleariy visible when figures 3-13 and 3-1L are compared but the

method was not considered to be accurate enough for the present purposes.
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Figure 3.11 PULLED CAPILLARY TUBE: FARFIELD

PATTERN.
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Fig.313 Numerical Aperture of a Graded

Index Fibre.(20)
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¢) Prism launching.

The idea was to use a prism so that only meridional rays are
launched. However, to be efficient, it required the flattening of the
index profile in the launching region so that the light will go through
the cladding to the fibre core. It was then possible to launch low
order modes [57]. PFor this, one end of the fibre was repulled with a
small furnace (fig. 3-16b) down to é dlameter of a few microns. Thus
the first order modes only were launched and the index was flattened by
the heat of the furnace in the launching region. The waveguide was
then held against a prism by a rubber pad pressed by the screw of the
prism holder (fig. 3-16a). Light from a helium-neon laser (5 mW,

A = 632.8 nm) was launched into thé fibre,fhroagh the prism in a con-
ventional method.

However, an unsuspected problem arose. During the repulling, severe
staining of the heated part of the fibre occurred and in this region the
wavegulde was completely opague. Several temperatures (ranging from
SOOOC to 90000) and several pulling speeds were tried without any improve-
ment. There are several explanations for this phenomenon as such stain-
ing occurs frequently, silver nitrate being a very powerful oxidising
agent. The problem here was that staining did not always occur. For
example it did not happen in the process described in II~3.1.3 in spite
of similar experimental conditions. This is due to the thickness of the
cladding which reduces the temperature in the centre of the fibre and,
mainly, because the core, being in a capillary, is protected from any
oulside pollution.

d) Conclusion All methods described proved to have some big disadvantages
and the study of propagation characteristics did not appear to be very
adequate for obtaining refractive index profiles. For this reason

direct methods were investigated.
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II-3.2.2. Direct methods of profile measurements.

II-3.2.2.1 Interferometric measurements

As Martin [58] suggested, it is possible to have a good knowledge
of the refractive index profile by using an interferometric method.
With this technique, the refractive index variation can be seen directly,
as a fringe profile. Two types of interferometers were used: a Michelson
interferometer mounted on a microscope and a Mach Zehnder system. To
prepare samples, a length of fibre was held by glueing it in a piece of
capillary tube (fig. S“iT). A slice was then cut out and polished down
to a given thickness.

a) The Michelson interferometer. In this case the sample needs to be

aluminised on one side. The interferometer used was fitted on a micro-
scope and the sample illuminated with sodium light (d) (fig. 3-18a).

In the Michelson system, since light passes through the sample twice,
the index change An (x,y) is related to the number of fringe displace-

ments N (x,y) by the relation:

A
tn (x,y) = 50 ¥ (x,) (3-2)

where lo is the wavelength of the light used (Ao = 580.6 nm), t is the
sample thickness.
The gystem, though efficient, had some disadvantages:
i) its accuracy depends strongly on the flatness of the sample and
problems arise if the edges are rounded [58].
ii) any distortion of the optics might seriously affect the results.
iii) the reflective coating quality might also affect the results.
In order to suppress this last disadvantage the following system
was tried.

b) The Mach Zenhder interferometer. Details of this apparatus are

given in fig. 3-18b. The light source is a helium neon laser
(A, = 632.8 mn). For this method the sample is not aluminized and the

1
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light goes through it only once, reducing slightly the influence of
poor flatness of the sample. In this case the index change is given
by:

. A
An (x,y) = + Nx,y) (3-3)

¢) Conclusion. The Mach-Zenhder interferometer proved to be more
accurate than the Michelson interferomeber because it needed no
aluminisation of the sampie and because the imperfections in the sample
preparation had a smaller influence. However the system still héd
disadvgntages such as:

ij The fibre is destroyed and it is impossible to see the

variation of the profile along the z axis and’even to know
exactly what part of the fibre is in the sample.

ii) The polishing of the sample is very delicate since the portion
of fibre has a tendenéy to fall out of the capillary tube
during the operation.

iii) This method is very time consuming and the sample preparation
can take up to a month.

To cope with the last problem ancther way was tried of holding tﬁe
fibre in the sample. For this the fibres were potted in resin and then
sliced with a microtome before a being given light polishing. This
method was not very satisfactory since the microtome broke the fibres
instead of cutting them neatly and, in addition, the polishing was
rather difficult due to the difference in hardness between the resin
and the fibre.

Consequently, another method for determining the iﬁdex profile
was necessary.

IT-3.2.2.2. Index profile from refracted light from fibre

a) Introduction. The main Teatures decided for the apparatus were the

following:
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i) non destructive.
ii) rapid so that the fibres could be tested at once without
extensive sample preparation.
i1ii) simple so that the method gives directly the profile without
computation or corrections.

iv) gives the maximum of information (e.g. Numerical aperture,

dimensions, shape of the core).

v) suitable for all types of round fibres.

Many techniques already exist for measuring index profi;es but
most of them do not fulfil these requirements. The micro method
presented by Tracy [59] is not adapted for fibres and is not accurate
enough; reflectivity measurements [60] need a very good end surface of
the fitre and are very sensitive to its dggradation; the device using
the scattering pattern method for a normally incident laser beam [61]
is only valid for a fibre whose core and index variation are small;
interference microscopy with an automatic camputer ﬁideo analysis
system([621,[631,[64]) needs much equipment; the near field scanning
method ([65],[66]) depends on the determination of the leaky rays
contribution and needs computing. The method suggested by Stewart
([671,0681,[69]) seemed to be the most suitable as it is the one which
satisfies most of the conditions given above.

The system works by measuring the light refracted by the front end
of the fibre. This method is somewhat similar to the near-field scann-—
ing method but avoids the problem of leaky rays. It can give, as will
be shown, the refractive index profile directly, across the whole
diameter of the fibre, without any special preparation of the waveguide.
It is suitable for any round fibre and is not destructive, Additionally
it can give further information concerning the waveguide, such as

numerical aperture, core and clad radii, core centrality and ellipticity.
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b) Principle and description of the method. If a beam of light is

focused on one end of the fibre immersed in index matching liquid with
a microscope objective whose numerical aperture is bigger than that of
the waveguide, the light tendg to be divided in twoj; part of it is
ducted along.the fibre and the rest is refracted in a hollow cone.
The leaky rays, being situated in the inside of the cone, are easily
removable by placing a disc intercepting the inner part of the core
(fig. 3-19a) before the light reacheslthe photo-diode.

The apparatus was set up as shown in fig. 3-20.

i) The light was provided by a polarised helium-neon laser (6.87mW,
A = 632,8 nm). The reflectivity of light is strongly .dependent of the
angle and polarisation so a quartef.wave Qlate was fitted after the
laser to change the vertical polarisation to circular and, in order to
prevent reflected light going back into the laser, a polariser was
placed petween the laser and the gquarter wave plate.

ii) The microscope objectives (magnification X3 and X6) were placed
to expand the beam so that it was almost uniform over the X20 microscope
objective, the latter focusing the light on the fibre end. A special,
filter surrounded by a white screen was made with a pinhole and was
situated at the point of focus of the X3 microscope objective. The
microscope objectives could be translated along any of the 3 axis.

iii) The cell is shown on fig. 3-19. It was made of aluminium, the
front window being a microscope coverslide fitted with a hypodermic
tube in its centre but this had to be abandoned because of its fragility.
Ancther type of cell was made with a rear window of perspex, but
unfortunately most of the index matching fluids attack perspex so
finally the rear window was made from an ordinary slide glued with
epoxy. The index matching liquid of the cell must have a slightly

higher index than that of the cladding. The translating stage allowed
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the fibre to be scanned along its diameter.

iv) The disc stopping the leaky rays was held by three large glass
fibres and could be moved along the axis of the set up. The three lenses
focused the refracted light onto a photo-diode connected to a chart
recorder.

A filter was placed just before the detector in order to suppress
the ambient light.

v) At the other end, the fibfe, held in a cell [56], was illuminated
by a tungsten lamp through a X10 microscope objective. The lamp was in
a "blackbox" to prevent light leskage. The purpose of this back-launch-
ing was to produge an image of the fibre end (enlarged 120 times) so
that it is possible to focuse the laser beam very accurately on the fibre
and to know the shape of the latter. It is now possible to see the
reason for the three microscope objectives.

The X3 and X5 objectives expended the beam, the X6 and X20 gave a
magnified image of the fibre on the screen/pinhole, while the X20 focused
the light on the waveguide. It should be noted that the cell and the
fibre end must be exactly normal to the beam and parallel to the trans-

lation movement (within the field depth of the X20 objective).

¢) Theory of the refracted light method. Consider a cell as shown on

fig. 3-19b. Since the fibre, the cell and the beam are circularly
symmetric, the component of the wave number along the z axis is constant.

The wave number in vacuo is:

= 21 -
ky =5 (3-4)
o
In the fibre:
. n(r) cos « (3-5)
k 2
o
In the index matching liquid:
B -y cos o (3-6)
ko IMI: 3 .

72



Applying Snell's law to the ends of the cell

n(r) sin a, = sin oy (3-7)

sin o) = 0o sin oy (3~8)

Taking the square of (3-7) - (3-8) and using (3-5) - (3-6), it is

possible to eliminate a, and oy leading to:

e + sin2 o, - sin2 o), (3-9)

n2(r =n
IML 1

During a measurement L sin2 ), are fixed [69] so there is a direct

relation between ng(r) and sin® a;. The photo-diode measures all the

power transmitted in the cone above an angle defined by the disc or

% which corresponds to an angle oy defined by eq. (3-9) and thus

0

to the total power in the input beam P (al).

Assuming that the intensity is constant across the width of the
input beam and that there are no angle-dependent losses we can write:

tan” a - taﬁg o
P (a, ) =P 1M M (3-10)

2
tan alM

where Y is the numerical aperture of the microscope objective

(fig. 3-19a). OFf course, in fact the reflection losses depends on the
angle so the field is srranged in order 4o decrease slightly towards

2
on o, from tan o

the edges in order to reduce the dependance of P (al) 1

to approximately sin eal (over small angles tan2 and sing are very

close). This is only necessary over the range of o. used during the

1

measurements.
From (3-9) it is seen that during a scam, for a given o) :

2 2 _ 2 _ .2 .2 _
n (r)maX n (r)min = (N.A.)T = sin O e T SADT 0 (3-11)

So if we test a fibre whose numerical aperture is, say 0.3 we have a

variation of ay of roughly 3°. For this variation it is necessary to

have P (al) as linearly dependent as possible on sin2 oy wvhich is
linearly dependent on ne(r) and hence on n(r) since the index variation

is small over the fibre.
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Consequently the detected power gives directly the index at the

focused spot.

In order to calibrate the cell, it is wviewed when empty (fig. 3-19c).

Without a fibre o; = ay and hence:
7 sin o %o
R = sin o + = 1 v (3-12)
1 IML (1 ~-—7T~l)2
. ML
where R is the disc radius.
Consequently:
( R Zo )
z = |— - oy cos o (3-13)
sin o Vn Ty, " Sim o

The power transmitted beyond the disc as it is scanned along the z-axis
is plotted, which gives, from (3-13) the relation between P(op ) and
sino; , while sinzal leads to n?(r) through (3-9).

The numerical aperture of the fibre can also be found Trom:

nop=

N.A. = (n? - ng)

: = /sinz?tl(o} - sinzoq (b) (3"'lll-)

where o) (0) is the value of o for r = o and e (b) for r = b.

We can draw a-profile, then take the fibtre away and place the disc
in the two positions giving the power received when the spot was on the
centre of the core and on the cladding. Notimg the two corresponding
values of z, we have access to the two values of sinZa; (eq 3-13) which
leads to the numerical aperture (eq 3-1k4).

The leaky mode contribution has been stmdied [70] and it has been
shown that the maximum angle in the input come from whiech light can be
launched into leaky modes is given by:

2 - n2
sin? o = & érz (r?bgg) - o (3-15)

Considering equation (3-9 the minimum angle im the input cone which

must be covered is given by: 5 » '
2 = - n?(r)) + Max (n'(r) - (b)) (3-16)

- ~ 2 !
sInT o = My, 1~ (r/b)2

In order to find the extremum of this functiom it is necessary to

-

estimate the variation of n{r).

Assuming that:

Pt

n(r) = Do) (1 - 2a(£)%)

T (3-17)

1
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with

n?(o) = n?(b)
2n?(o)

{ . A=

then the minimum angle at which the disc must intercept the cone is
given by:

sin 20y, = (02, - 02(p)) + 3 (N.A.)2 (3-18)

The first term gives the value of the intermal angle of the hollow

cone:

=

- n2(b))? = a (3-19)

s 2
Are sin (n bpin

ML

To estimate o we can use the formula [T71]:

_ 1log(0.5) . -
o = ——E——lgg 7) (3-20)

where ¢ is the radius for which:

n{c) = Eigl_g_gigl (3~21)

These equations give the dimension of the cone and the contribution
of the leaky rays, and thus allow the dimension of the disc to be
determined.

d) Experimental results and conclusion. Experimental results obtained

from three different types of fibres are showm in fig. 3-21l. The
recordings show clearly the refractives indiees of the index matching
fluid, of the cladding when there is one and ©f the core, Fig. 3-22
depicts a Selfoc fibre. However it seems thatt the method could be
further improved. |

The main problem is to reduce the vibratiions which can induce a
noise signal bigger than the useful one. To amchieve this the apparatus
should be installed on a vibration free table. The translation stage is
also rather crude and does not allow for very precise measurements to be
made. It would be a great improvement if it was also controlled by an
electric micrometer able to delivery an input to an X-Y recorder. However

\ B

the apparatus gave good results and has been wsed extensively in spite of
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Fig.3.21. Some Profiles
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its imperfections. It proved to be simple, needed no corrections and
no extensive sample preparation was necessary. DMoreover, it was only
destructive when the evolutiocn of the index profile along the z-axis
of the fibre was studied as it required the cutting of the waveguilde

at regular intervals,
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CHAPTER IV

Index Modification and Coupling

II-4.1 Introduction

Now thét fibres can be made and tested, it is necessary to study
the second part of the work, that is, the coupling of fibres. For
this it is necessary to flatten the refractive index profile locally
in the best way possible.

II-L.2 Principle of index modification

The first method tried to achieve such a modification was to
rediffuse silver ions into a small portion of the guide. However this
was abandoned for the following reasons:

i) the process is long and cumbersome,

ii) the fibre has to be dipped into the melt over a small length.
For this it was curved and this curvature is retained,

iii) the variation of the refractive index profile along the axis
is tapered in the wrong direction, i.e. tow&rds the cladding,
as shown on fig. l-la because of the diffusion process itself.

The following alternative was then tried. A small portion of the’
fibre was heated in a very small furnace (fig. 4.2). The heat allows
the silver ions to migrate in the silica network so that they are
equally di<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>